ABSTRACT The adaptation of the epidermis in amniote vertebrates to life on land took place by a drastic change from an embryonic epidermis made of two-four periderm layers to a terrestrialproof epidermis. This transition occurred by the increase in types and number of specialized corneous proteins coded by genes of the Epidermal Differentiation Complex. The prevalent types of corneous proteins produced in the reptilian epidermis contain a beta-sheet region of high amino acid homology which allows their polymerization into a meshwork of filaments forming the hard corneous material of scales and claws. The present immunogold ultrastructural study shows that this transition occurs with the synthesis of glycine-rich corneous beta-proteins (formerly indicated as beta-keratins) that are added to the initial framework of acidic intermediate filaments produced in the embryonic epidermis of lizards, snake, alligator and turtle. These corneous beta-proteins are accumulated in the transitional and definitive layers of reptilian epidermis formed underneath the transitory two-four layered embryonic epidermis. In the more specialized reptiles capable of shedding the epidermis as a single unit, such as lizards and snakes, special glycine-cysteine rich beta-proteins are initially produced in a single layer immediately formed beneath the embryonic epidermis, the oberhautchen. The latter layer allows the in ovo shedding of the embryonic epidermis in preparation for hatching, and in the following shedding cycles of the adult epidermis. The production of specialized corneous-specific beta-proteins in addition to intermediate filament keratins was probably an essential addition for terrestrial life during the evolution of reptiles into different lineages, including birds. The increase of glycine and cysteine in epidermal proteins enhanced the hydrophobicity, insolubility and mechanical strength of the stratum corneum in these amniotes.
During the adaptation to land, vertebrates evolved a protective system against desiccation, mechanical insult, sunlight, and also a microbe barrier (Matoltsy, 1987; Elias and Choi, 2005) . The stratified epidermis of pisciform vertebrates before land colonization in the Upper Devonian Period likely comprised keratinocytes capable to synthesize mainly simple keratins for cytoskeletal restrain from the stress imposed on their epithelial integrity and antimicrobial molecules capable to arrest microbes and other parasites (Alibardi, 2003 (Alibardi, , 2008 . With the emergence from water, the epidermis of amphibious forms in the Carboniferous Period was faced with further challenges mainly derived from sun radiations, rapid desiccation, and mechanical damage during movements on a dry substrate. The adaptation of amphibians to the new ecological niches of the terrestrial environment was in part made possible by the evolution of a number of new proteins that gradually transformed the process of keratinization, where keratins were by far the main components, duplication and mutation from a single, ancestrale gene (Mischke et al., 1996) . Particularly in amniotes with known genomes such as human, chick, zebrafinch and the green anole lizard, over 50 proteins have been detected in a locus indicated as Epidermal Differentiation Complex (EDC), including those mostly involved in the formation of the stratum corneum of the epidermis such as filaggrin, involucrin and loricrin, or trichohyalin in the IRS of hairs (Mischke et al., 1996; Kalinin et al., 2002; Vanhoutteghem et al., 2008; Mlitz et al., 2014; Strasser et al., 2014) .
The epidermis derives from the differentiation of the ectoderm in the embryo that gives rise to the periderm and to a basal layer from which the definitive epidermis is later originated (Maderson, clustered in a specific chromosome locus indicated as Epidermal Differentiation Complex (EDC, see Vanhoutteghem et al., 2008) , associate to intermediate filament keratins. Keratin genes are instead located in a different locus, and their fibrous proteins form the meshwork for the deposition of corneous proteins, a process that gives rise to the mature corneous material of the epidermis (Hardmann et al., 1998; Kalinin et al., 2002) . This process may in part initiates in the embryo and determines the replacement of the embryonic epidermis, a term that indicates the temporary periderm layers destined to be shed before or at hatching (Sawyer et al., 2000 (Sawyer et al., , 2003 Alibardi, 2003 Alibardi, , 2008 , with a definitive epidermis that possesses efficient barrier properties against the harsh terrestrial 
The initial embryonic epidermis generally consist of 2 layers of peridermal cells. (B) In lizards and snakes, beneath the inner periderm or a third layer equivalent to the clear layer, an oberhautchen layer is formed together the shedding line (indicated by arrowheads). Fusiform beta-cells accumulate underneath. In turtles (C), beneath 2 layers of periderm and 3-4 layers of transitional cells (in the carapace epidermis)
, beta-cells accumulate but no specific shedding layer is formed. Also in crocodilians (D), beneath two periderm layers, betakeratinocytes are accumulated underneath. Abbreviations: ba, basal layer; bm, basement membrane; b, beta-cells (accumulating hard corneous material); ob, oberhautchen layer; pa, pre-alpha layer; pc, pre-clear layer; pe, periderm. 1985; Byrne et al., 2003; Koster and Roop, 2004) . The formation of the adult, definitive epidermal layers in amniotes, after the periderm has ceased its function of exchange epithelium with the amniotic fluid, occurs through changes that produce an epidermis adapted to the terrestrial environment (Maderson, 1972; Dhouailly and Maderson, 1984; Alibardi, 2003; Sawyer and Knapp, 2003) . These changes involve the formation of an efficient stratum corneum against water-loss, mechanical insult, and microbial invasion (Elias and Choi, 2005) .
These fundamental needs have been solved producing a number of specialized, non-keratin proteins of different composition and molecular structure, in the two extant lineages of amniotes, sauropsids (reptiles and birds) and mammals. In the adult epidermis these proteins, which genes are generally conditions. Previous studies have shown that the definitive epidermis in reptiles is made of alpha-keratins and corneous beta-proteins, formerly termed beta-keratins (Carver and Sawyer, 1987; Sawyer et al., 2000; Alibardi and Toni, 2006; Toni et al., 2007; Alibardi et al., 2009; Chang et al., 2009) . Both molecular biology and biochemical studies have indicated that corneous beta-proteins are initially basic proteins but that during keratinocyte differentiation part of these proteins become acidic following post-translational processes such as phosphorylation, degradation (Toni et al., 2007) , or even glycosylation (Staudt et al., 2012) . Similar modifications may occur since the initial transition from the embryonic epidermis to the definitive, adult epidermis, but no information is available for reptiles.
The embryonic epidermis in sauropsids consists in 2 periderm layers and 1-6 transitional layers produced in a generalized skin or in specialized regions of the body (ramphoteca and claws), before the definitive keratinocytes of the adult epidermis are formed (Fig.  1 ). This temporary epidermis is characterized from the presence of embryonic organelles indicated as reticulate bodies or periderm granules (in birds) and of a soft form of keratinization (Akiyama et al., 1999; Alibardi, 2003 Alibardi, , 2008 Sawyer and Knapp, 2003) . These organelles are made by a meshwork of 25-50 nm thick coarse filaments that form irregular (reticulate bodies) or spherical (periderm granules) organelles, especially developed in the second or inner periderm layer. The specific role of these granules remains elusive, as they could be involved in the keratinization of the peridermis, in its breakage or simply represent the accumulation of waste proteins (Kuraitis and Bowers, 1978; Alibardi, 2003 Alibardi, , 2008 .
A recent study has shown that corneous beta-proteins rich in glycine are the main component of the corneous layer in adult turtles and crocodilians and of the resistant beta-layer in lepidosaurians (Alibardi, 2013b) . Although the main cytological aspects of the transition between embryonic and definitive epidermis are known, it remains to be shown whether the initial adult layers accumulated beta-proteins rich in glycine like those of adult epidermis. The present study aims to detect whether glycine-rich or glycine-cysteine-rich beta-proteins are immediately accumulated in sub-periderm layers of reptiles in preparation to hatching. The observations complete previous studies made on adult normal and regenerating epidermis of reptiles and further sustain that the process of cornification in reptilian epidermis is due to the deposition of corneous beta-proteins on the tonofilaments generated in suprabasal cells.
Results

Histology
In the selected embryonic skin of the different reptilian species, the external embryonic epidermis of the outer (dorsal) scale surface appeared with a different thickness according to the species analyzed. In lizard at stage 38 (embryos with scaled and pigmented skin) a thin paler layer (1-2 mm thickness) was located above the initial but still forming beta-layer, made of one-two layers of spindle-shaped beta-cells ( Fig. 2A) . In the snake at stage 36 (embryo with a scaled and pigmented skin), the paler embryonic layers were located above a dense and continuous line indicating the formation of the oberhautchen layer, formed above two layers of spindle-shaped beta-cells (Fig. 2B ).
In the turtle at stage 23 (embryos showing scutes in the shell with the beginning of pigmentation), the epidermis of the shell comprised a basal, suprabasal and one layer of spindle-shaped beta-cells formed above a basal layer. At stage 24 (scutes well pigmented), the epidermis was formed by 2 layers of large and pale cells present above 3-5 layers of flat and differentiating spindle-shaped beta-cells resting upon a basal layer (Fig. 2C) . In ventral scales of alligator epidermis at stage 28 (well pigmented and completely scaled embryo close to hatching), the embryonic epidermis comprised a two-layered embryonic and pale layer located above a multilayered but compact corneous layer, followed by 2-3 layers of spindle-shaped, pre-corneous cells localized on top of the basal layer (Fig. 2D ).
Immunofluorescence
The immunostaining obtained after application of pre-core box antibodies to sections of the skin in different species at the stages indicated above showed that the immunofluorescence was only (Fig. 3 A-F) . Immunofluorescence localization showed that the labeling was present over most cytoplasm of beta-cells except in the central region where the nucleus was located (Fig. 3 D,E) .
In lizard and snake scales the forming beta-layer, made of 2-3 layers of spindle-shaped cells, appeared fluorescent along the entire outer surface (dorsal) of embryonic scales ( Fig. 3 A-D) . In turtle at hatching numerous spindle-shaped beta-cells filled with immunofluorescent material were seen underneath a more compact corneous layer (Fig. 3E) . In alligator scale an intense fluorescence was observed in the compact corneous layer and in differentiating and pre-corneous cells forming underneath (Fig. 3F ). In controls, no immunofluorescence was seen (Fig. 3G ).
Ultrastructural immunocytochemistry for lizard epidermis
The specificity of the 5 antibodies here utilized (AK2 for alphakeratins, HgGC10 for lizard, and PreCBs for crocodilians, turtles and lepidosaurians) was previously checked by pre-absorption with the specific antigens, western blotting and immunocytochemistry, and showed that they were only reactive for their specific reptilian 
Fig. 4 (Left). Ultrastructural immunogold details of the epidermis of P. muralis at stage 36. (A) diffuse immunolabeling for AK2 (alpha-keratin) mainly over reticulate bodies (arrowhead) of the inner periderm. Bar, 100 nm. (B) AK2 diffuse labeling in tonofilaments converging to desmosomes (arrowheads) in suprabasal cells. Bar, 100 nm. (C) Pre-core box (PB) immunolabeled corneous beta-packets formed in the first
C) Unlabeled keratin filaments (k) and desmosomes (arrowheads) in a control (CO). Bar, 100 nm. (D) Unlabeled control (CO) in beta-bundles (be) of a differentiating beta-cell. Bar, 100 nm.
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A group (Alibardi, 2013a) . Therefore the antibody against the turtle epitope did not recognize both the crocodilian and the lepidosaurian epidermis and vice versa. The AE3 antibody for type II mammalian alpha-keratins previously showed to label lizard tonofilaments (Alibardi, 2003) . The G28 antibody is a general antibody against beta-proteins (beta-keratins) from the chick and alligator (Sawyer et al., 2000) . The study on the ultrastructural details of the embryonic skin allowed the analysis of the precise localization of beta-proteins (pre-core-box antibodies, and the gly-cys-rich snake antibody) and of acidic alpha-keratins (AK2 antibody) in embryonic and definitive epidermis of the embryos. Previous ultrastructural studies indicated that beneath a bi-layered periderm containing reticulate bodies, the next layers are equivalent to the clear and oberhautchen layer in lizards and snakes, or to alpha-or beta-cells in crocodilians and turtles ( Fig. 1 A-B1 ).
In the lizard P. muralis, a diffuse labeling for the AK2 antibody was seen in the embryonic layers, outer and inner periderm, but was more intense in the reticulate bodies present in the inner periderm (Fig. 4A ). However the coarse filaments forming reticulate bodies appeared only marginally labeled while gold particles decorated their amorphous matrix. Little labeling was seen on tonofilaments converging to desmosomes linking periderm and subperidermal cells (Fig. 4B) .
The pre-core box antibody instead labeled only the beta-cell layers underlying the embryonic epidermis, especially the pale beta-corneous packets or bundles of amorphous corneous material accumulating in these cells (Fig. 4C) . This labeling suddenly disappeared in underlying cells, specifically in the transition between the last cell of the beta-layer and the first suprabasal cell not yet under differentiation (Fig. 4D) . Conversely, in the differentiating pre-betacells and in suprabasal cells, a labeling of tonofilaments for the AK2 antibody was present, including keratin bundles converging to the desmosomes joining these cells (Fig. 5 A,B) . In controls, both alpha-cells and beta-cells appeared unlabeled (Fig. 5 C,D) .
In the lizard A. lineatopus, the first layer formed underneath the embryonic epidermis, characterized by the presence of pointed spines and termed oberhautchen, showed sparse immunolabeling for the HgGC10-antibody (Fig. 6 A,B) . This epitope identifies a glycine-cysteine rich beta-protein present in this lizard, indicating that the latter protein begins to be deposited over alpha-keratins in the first layer formed beneath the periderm.
Ultrastructural immunocytochemistry for snake epidermis
The immunolabeling of the embryonic epidermis of L. fuscus, using the antibody Sn-cys-1 against a snake cysteine-rich-beta protein, produced a very specific labeling only in the first layer located underneath the two embryonic layers, which represents the first oberhautchen layer of snake epidermis (Figs. 6 C-D, 7A) . This layer showed a marked 30-40 mn thick irregular or slanted line that separated the layer from the external two periderm layers (arrows in Figs. 6 C, 7A) . The large gold-silver intensified particles were located over the beta-corneous packets or bundles accumulated in this single cell-layer while did not localize over the dense limiting line of the oberhautchen. The labeling with this antibody uniquely extended to the thin oberhautchen layer present on the inner (ventral) scale surface of the embryonic scales (Fig. 6D) . The differentiating beta-cells still in course of accumulation of betacorneous packets, and located undermeath the oberhautchen cells, were poorly or un-labeled with this antibody (Fig. 7A ).
An opposite labeling was observed after the application of the lepidosaurian pre-core box antibody to the embryonic epidermis of this snake. In fact, the latter antibody labeled intensely only the beta-cells produced underneath the oberhautchen layer, while the latter appeared negative to very diffusely labeled. The labeling was mainly directed to the pale corneous material bundles accumulating in beta-cells. No labeling to the pre-core box antibody was present in the outer periderm layers and in cells of the suprabasal layers localized underneath the beta-layer (Fig. 7B) . These results indicate that oberahucthen and beta-cell corneous material contain different beta-proteins.
The immunostaining obtained using the antibody against the cysteine-rich-beta protein of snake (Sn-cys-1) did not produce any immunoabeling in lizard epidermis, indicating specificity only for snake oberhautchen.
Ultrastructural immunocytochemistry for turtle and alligator epidermis
The immunolabeling of the two periderm layers present in the turtle embryo showed absence of labeling for the pre-core box antibody. Only a diffuse labeling was associated with the large reticular bodies present in the inner periderm layer, the second layer formed from the surface (Fig. 8A) . The first layer underneath the inner periderm contained small electron-pale beta-corneous packets labeled with some gold particles (Fig. 8B) . In the shell epidermis of hatchlings, the spindle-shaped keratinocytes formed underneath the cornified periderm (Fig. 3E) , showed an intense immuno-labeling in the bundles of beta-corneous material that were accumulating in the cytoplasm (Fig. 8C) . No AK2 labeling was noted in these fusiform keratinocytes (data not shown).
In the two periderm layers of the alligator embryonic epidermis, the AK2 antibody produced a diffuse labeling in the second or inner periderm layer, in particular among or associated with the reticulate bodies containing coarse filaments (Fig. 9A) . No AK2 labeling was seen in the beta cells formed underneath the inner periderm. Conversely in this initial beta-cell layer, the third formed from the embryonic surface, the electron-paler beta-corneous packets or bundles were labeled with the crocodilian pre-core box antibody while the inner periderm, containing reticulate bodies, remained mostly unlabeled (Fig. 9B) . 
Double labeling detection of beta-proteins and alpha-keratins
In double labeling experiments, intended to show co-localization of alpha-keratins and beta-proteins, we utilized some combination of antibodies as indicated in the Material and Methods section. The reported observations and the purpose of the study are qualitative and no attempts to quantify the ratio between different gold particles over tonofilaments, desmosomes or on the mature corneous have been done. This was also due to the different penetration of gold particles with different diameter (5-20 nm) bonded to secondary antibodies, so that a quantitative determination would have produced results however biased.
In A. lineatopus epidermis, differentiating beta-cells seen underneath the oberhautchen showed double labeling with prevalence for pre-core box positive beta-proteins (larger gold particles) and lower AE3-labeling for alpha-keratin (smaller gold particles, see Fig. 10 A,B) . The labeling appeared however un-even over the corneous material accumulating in these cells. In P. muralis, the beta-corneous bundles of early differentiating beta-cells appeared immunolabeled with fewer larger gold particles (10 nm, G28 antibody for beta-proteins) while a higher number of the smaller gold particles (5 nm, AE3-positive or AK2 positive) for alpha-keratins was observed (Fig. 10C) . The number of larger gold particles detected using the G28 antibody (for beta-proteins) over the smaller gold particles detected by the AK2 or AE3 antibodies (for alpha-keratins)
Fig. 10 (Left). Double labeling experiments showing co-localization of alpha-keratins (AE3 in A-B, AK2 in the remaining figures) and corneous beta-proteins (pre-core box in A,B, G28 in the remaining figures) in beta-cells of lizards (LIZ) and snake (SNK). Bars in all figures indicate 100 nm. (A) Differentiating beta-cell (be) in A. lineatopus showing mainly beta-labeling (arrows) and few small gold particles for alpha-keratin (arrowhead) in corneous bundles. sb, suprabasal undifferentiated cell. (B) Other detail on beta-corneous material showing the prevalence of larger gold particles (arrows) indicating corneous beta-proteins and few small particles for alpha-keratins (arrowheads). (C) Early differentiating beta-cell of the tail epidermis of the lizard P. muralis shows numerous small gold particles (arrowheads) for alpha-keratins that prevail on the larger gold particles (arrows) indicating corneous beta-proteins. (D) In a more differentiated beta-cell of P. muralis the large particles for corneous beta-proteins (arrows) instead prevails on the small particles indicating alpha-keratins (arrowheads). (E) In the beta-corneous packets of a beta-cell present in trunk epidermis of the snake L. fuscus, large (arrows) and small (arrowheads) gold particles are equally present. (F) No labeling is present in this control section (CO) from a beta-cell
of the tail epidermis in P. muralis.
Fig. 11 (Right). Double labeling details of differentiating beta-cells in the epidermis of snake (SNK, A,B) and alligator (GAT, C,D), and in the corneous layer of the carapace of hatchlings of tortoise (TUR, E,F), using the G28 antibody for corneous beta-proteins and the AK2 for alphakeratins. Bars in all figures represent 100 nm. (A) Large beta-bundles showing similar number of small (arrowheads) and large (arrows) gold particles. (B) In a compact corneous material of a more differentiated beta-cell large particles for corneous beta-proteins (arrow) prevail over smaller particles (arrowhead) for alpha-keratins. (C) Sparse larger gold particles (arrow) indicating that corneous beta-proteins are prevalent on the small particles (arrowhead) for alpha-keratins in beta-packets. (D) Higher magnification detail on beta-corneous material showing co-localization of few small (arrowhead, indicating alpha-keratins) and more numerous large gold particles (arrows, indicating beta-proteins). (E) Areas featuring a similar number of small (arrowhead) and larger (arrow) particles. (F) Other corneous area showing prevalence of larger particles (arrows) indicating corneous beta-proteins, over smaller gold particles (arrowheads) for alpha-keratins.
increased in the larger and amorphous beta-bundles observed in beta-cells with more advanced differentiation (Fig. 10D) .
In beta-cells of the snake L. fuscus the double labeling was un-even over the dense beta-packets and both alpha-keratin (AK2 positive, small particles) and beta-proteins (G28 positive, large gold particles) were co-localized (Fig. 10E) . Control sections of the same areas in both lizards and snake showed no labeling (Fig.  10 F) . In the larger bundles of differentiating snake beta-cells or in more mature beta-cells, also the beta-keratin labeling tended to be prevalent on the alpha-keratin labeling (Fig. 11 A,B) .
The observations on double-labeled beta-cells of embryonic skin of alligator showed an irregular density of gold particles over the amorphous beta-bundles, with prevalence of larger particles indicating beta-proteins (G28 antibody) over the less frequent smaller particles indicating alpha-keratin (AK2, see Fig. 11 C,D) . Finally, the double-labeling experiment in the packed beta-corneous material of pre-corneous keratinocytes of the turtle carapace showed a diffuse but un-even labeling. In some regions of the corneous bundles, smaller gold particles indicating alpha-keratin localization (AK2 positive) were seen in similar number than that of the larger gold particles for beta-proteins (G28 positive) (Fig. 11E) . In other regions however the larger particles were instead predominant over the smaller gold particles, suggesting a prevalence of beta-proteins over detectable alpha-keratins (Fig. 11F) . Controls sections were unlabeled (data not shown).
Discussion
Characteristics of cornification in reptilian scales
The present study has shown that specific glycine-cysteine-rich corneous beta-proteins are synthesized in the oberhautchen layer in preparation for the skin shedding that characterizes snakes and lizards. Like in other amniotes (Kalinin et al., 2002; Byrne et al., 2003) , also in reptilian scales the differentiation of the epidermis takes place by the deposition of proteins over the initial keratin meshwork and on the plasma membrane of corneocytes. The formation of the beta-corneous layer derives from the deposition of Corneous beta-proteins and the following masking or degradation of alpha-keratins, and not on the replacement of alpha-keratin with beta-keratin as previously indicated (Baden and Maderson, 1970; Maderson, 1985; Chang et al., 2009) .
In mammalian embryos, beneath one layer of periderm other 1-3 intermediate layers are formed before the first true granular layer differentiates (Weiss and Zelickson, 1975a,b) . The periderm later matures into a dead cell layer after expressing some corneous proteins such as loricrin, filaggrin and small proline-rich proteins, in addition to acidic keratins of 40-44 kDa (Hardmann et al., 1998; Akiyama et al., 1999; Byrne et al., 2003) .
A similar process also occurs in reptiles and birds where, aside acidic keratins, other corneous proteins are produced beneath the periderm. The best known, non-keratin proteins produced in reptiles and birds are small proteins with a central region rich in beta-sheets, formerly termed beta-or phi-keratins because they form 3-4 nm thick filaments (Wyld and Brush, 1983; Fraser and Parry, 1996; Sawyer et al., 2000) . However, these specialized proteins have a gene structure and amino acid composition very different from those of alpha-keratins while they have the same role of mammalian corneous proteins and keratin associate proteins. Like filaggrin or loricrin in the epidermis, or Keratin Associated Proteins in hairs, corneous beta-proteins are synthesized in upper suprabasal layers in scale epidermis and mix with the tonofilaments turning them into an amorphous mass. Further genomic studies have indicated that "beta-keratin" genes are localized within the Epidermal Differentiating Complex (EDC) of the chick and lizard, clustered with other keratin associated or corneous proteins such as filaggrin, loricrin, involucrin, cornulin, and S100 proteins (Vanhoutteghem et al., 2008; Mlitz et al., 2014; Strasser et al., 2014) . The latter study further indicates that beta-keratins represent a type of corneous proteins specific for sauropsid hard epidermis and characterized by a central beta-pleated region but different, also in their genomic localization, from the intermediate filament (alpha) keratins.
The presence of one intron between the first (non-coding) and the second (coding) exon, typical for most Corneous beta-proteins genes, is a shared charasteristic with genes of the EDC coding for other proteins indicated as SEDCs (Simple Epidermal Differentiation Complex proteins) within the chick and lizard EDC, such as Late Cornified Proteins, Small Proline Rich Proteins, Cornulin and Loricrin Strasser et al., 2014) . These recent molecular studies have further indicated that these proteins formerly indicated as beta-keratins are specialized corneous proteins of sauropsids.
Changes from embryonic to adult epidermis in reptilian scales
The present immunocytochemical study has detected glycinerich or glycine-cysteine-rich corneous beta-proteins in sub-periderm layers of reptiles in preparation to hatching. The present study extends to the embryonic epidermis the new interpretation on the mechanism of cornification present in reptilian epidermis and its appendages outlined above. The present double-labeling study for alpha-keratin and corneous beta-proteins co-localization further supports this new interpretation on the process of cornification in reptiles, indicating that the process takes place since the initial embryonic stages of skin development (Fig. 12) .
In particular, the present immunogold study together previous biochemical analysis ( Alibardi and Toni, 2006; Toni et al., 2007) demonstrate that the outer and inner periderm layers contain acidic alpha keratins (AK2-positive) while only the following layers accumulate corneous beta-proteins, a process similar to that occurring in adult epidermis. Since the above studies have indicated that these proteins are initially basic when synthesized from ribosomes, it is likely that, aside other chemical bonds, acidic alpha-keratins and basic corneous beta-proteins also interact by electrostatic attractions.
The formation of a stratified epidermis is a relatively late event in skin formation in reptiles, about 1-3 weeks before hatching, leading to the differentiation of the definitive epidermal layers. This occurs from embryonic stage 22-23 in turtles (Alibardi and Thompson, 1999; Alibardi, 1999; Alibardi and Dipietrangelo, 2005) and at a later stage (24) form 2-5 cell layers of stratified beta-cells. Also in the alligator a stratified beta-corneous layer is formed around 60-65 days of development, or at stage 24 in crocodiles (Richardson et al., 2000; Alibardi and Thompson, 2001) . Therefore, in both turtles and crocodilians a stratified corneous layer is ready for protection before hatching.
The complete differentiation of the beta-layer in lizards occurs at about 1 week before hatching when intra-ovo shedding occurs (Dhouailly and Maderson, 1984; Alibardi, 1998) . In the embryo of the lizard Anolis carolinensis, immunoreactivity for corneous beta-proteins (beta-keratins) of 21-25 kDa appears at about 30 days of development, 1-2 weeks before hatching (Carver and Sawyer, 1987) . Before the stratification of the epidermis with the formation of the beta-layer, only alpha-keratins of 50-61 kDa are present in the three-layered epidermis. As shown in the present study, it is likely that at least some of these keratins are associated or are true components of the embryonic organelles indicated as reticulate bodies (Fig. 12) . As cornification of the periderm takes place, the strands of coarse filaments loose their definition and diameter, initially of 25-50 nm, to become irregular and mixing with other unknown periderm proteins and cytoplasmic acidic keratins. Differently from mammalian periderm (Akiyama et al., 1999; Byrne et al., 2003) , no information on reptilian periderm proteins is presently available although our study suggests the presence of acidic proteins (AK2 positive) and of some corneous beta-proteins in tortoise reticulate corneous bodies (see also Alibardi, 2008) .
The formation of a definitive process of cornification in reptilian epidermis appears very anticipated with respect to hatching in order to complete the formation of the beta-layer of the first epidermal generation that has to face the dry and harsh terrestrial environment encountered after hatching (Dhouailly and Maderson, 1984; Alibardi, 2003 Alibardi, , 2008 . The corneous beta-proteins produced underneath the second or third subperidermal layer in the epidermis of lizards, turtles and crocodilians appear rich in glycine since most of the proteins recognized by the pre-core box antibody belong to this subclass (Alibardi, 2013b) . Therefore basic corneous betaproteins mostly mask the initial acidic alpha-keratins produced in keratinocytes of subperidermal layers. Differently from turtles and crocodilians, the lepidosaurians (lizards and snakes) have evolved a cyclical shedding mechanism to shed their epidermis and allow somatic growth (Maderson et al., 1998) . The deposition of specialized cysteine-glycine rich corneous beta-proteins, such as HgGC10 in the lizard A. lineatopus, or Sn-cys-1 in the snake L. fuscus in the oberhautchen layer marks the formation of the shedding layer. This process starts in the differentiating embryonic oberhautchen layer in preparation for the first (in ovo) shedding that in this species occurs 1-2 weeks before hatching (Alibardi, 2008; Alibardi and Thompson, 2003) . The lack of immunoreactivity with the embryonic (and adult) oberhautchen of lizards and with the epidermal layers of turtle and alligator indicates that this beta-protein is a specialization of snake epidermis for shedding.
After the oberhautchen layer is formed beneath the periderm in snakes, other beta proteins rich in glycine are also produced in the following beta-layer of snakes at 10-25 days before hatching, according to the species (Alibardi, 2002; Alibardi and Thompson, 2003; Swadzba and Rupik, 2010) . The differentiation of a resistant beta-layer is very important in the protection of the hatchlings for both mechanical antiwearing and as protection of the underlying, more delicate mesos and alpha-layers that are essential for life on land as they represent the barrier against water-loss (Maderson, 1985; Dhouailly and Maderson, 1984; Chang et al., 2009 ).
Materials and Methods
Fixation and antibody selection
Embryos from different reptiles were collected and prepared for embedding in Resins as indicated in previous studies. Only stages known to contain both embryonic and the initial layers of the definitive epidermis were utilized, and two samples were analyzed in each species here utilized. These were stage 38 in the lizard Podarcis muralis (Alibardi, 1998) , stages 36 and 37 in the lizard Anolis lineatopus (Alibardi, 2012) , stage 37 in the lizard Lampropholis guichenoti (Alibardi and Thompson, 1998) , stage 36 in the snake Liasis fuscus (Alibardi and Thompson, 2003) , stages 23 and 24, and hatchlings in the turtle Testudo hermanni (Alibardi and Dipietrangelo, 2005) , and stage 28 in the alligator Alligator missippippiensis (Alibardi and Thompson, 2002) . As indicated by the above studies, the general appearance of the skin and the epidermal histology in these selected stages showed the cytological transition from the embryonic to the definitive epidermis, and in particular contained the differentiating keratinocytes of the beta-layer in lizards and snakes, and of the corneous (beta) layer in turtles and alligator.
From the collected embryos small pieces of the skin from the ventral body or tail regions in lizards, snakes and alligator, or from the marginal carapace of the turtle, were fixed at 0-4°C for 5-8 hours in 4% freshly made paraformaldehyde in 0.1 M phosphate buffer at pH 7.4. These tissues were dehydrated in ethanol 80%, 90%, immersed in the hydrophilic Resin Bioacryl for 3-4 hours until tissues sank (an indication of complete embedding) before curing the resin containing the samples for 2 days at 0-4°C under UV irradiation (Scala et al., 1992) .
Using an ultramicrotome, sections of 2-5 mm were collected on glass slides for the histological staining using 1% Toluidine blue. Other sections were instead collected over chromoallume-gelatin-coated slides for the following immunocytochemical detection. Immunocytochemistry for both light and electron microscopy was performed using rabbit polyclonal antibodies produced against specific epitopes characteristics for the pre-core box region of turtle corneous beta-proteins (GVARPCPVTGTCNEPCVRQC), crocodilian corneous beta-proteins (GIACPRPFADSCNEACIRQC), and for lepidosaurian corneous beta-proteins (TSAASLGILSGASPSCINQI; Alibardi, 2013a) . These three epitopes represent the more conserved sequences found among most of corneous beta-proteins analyzed in turtles, 
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crocodilians and lepidosaurians, and therefore should detect these proteins in the beta-layer (hard layer) also of the embryonic scales in case these proteins are synthesized in embryos. Another antibody, here indicated as Sn-cys-1 (Snake cysteine-rich-1), was produced against another epitope (SSGGSSRLRYFPCSPCSPCK) present in a glycine-cysteine-rich corneous beta protein of the epidermis of the snake Panthoteris guttatus (Dalla Valle et al., 2009) . A further antibody directed against the epitope of the glycinecysteine-rich corneous beta protein HgGC10 (VPSCSSTPCIGIGAQR, Alibardi, 2012) was also utilized for immune labeling in the embryo of the lizard Anolis lineatopus.
The antibodies directed against the above five epitopes were produced in rabbits through a Biotechnology Company (Davids Biotechnologie, Regensburg, Germany). The Company synthesized the indicated peptides, immunized the rabbits, purified the antibodies by affinity chromatography, and tested the reactivity of the immune serum by ELISA according to their protocols. The ELISA test revealed a strong reactivity against the immunogen peptides utilized for immunization, indicating specificity.
For double-labeling experiments, a rabbit antibody against an epitope of a turtle alpha-keratin (LVDGKIVSSQVQSVEERPAK, see Dalla Valle et al., 2013; Alibardi, 2013a) or a mouse antibody against alpha-keratins tonofilaments of mammalian and lizard keratinocytes (Alibardi, 2003) , indicated as AE3, were utilized in conjunction with goats (G28) or rabbits (Pre-core box) antibodies (see below).
Immunocytochemistry
Immunofluorescence analysis was carried out after pre-incubation for 30 minutes in 1% BSA in 0.05 M Tris buffer pH 7.4, and for 3 hours of incubation in the primary antibody (1: 100 or 1:200) at room temperature. In controls, the primary antibody was omitted from the incubating solution. Previous studies testing the specificity of these antibodies indicated that immunonegative results were obtained by pre-absorption of the antibodies with their antigens (Alibardi, 2013a) . After rinsing in the above buffer for 10 minutes, the sections were incubated for 1 hour at room temperature with a Rhodamine-conjugated anti-rabbit antibody (TRITC, Sigma, diluted 1:100), rinsed in buffer and mounted in an anti-fading medium (Fluoroshield, Sigma). Slides were observed under a fluorescence microscope equipped with a Rhodamine filter, and pictures were collected with a digital camera into a computer using an Adobe Photoshop Program.
For electron microscopy immunocytochemistry, 50-90 nm thick sections were collected with an ultramicrotome on nickel grids, and pre-incubated for 10 minutes in 0.05 M TRIS-HCl buffer at pH 7.4, containing 1% Cold Water Fish Gelatin. The sections were then incubated for 3 hours at room temperature in primary antibodies diluted 1:200 in buffer while in controls the primary antibody was omitted in the first incubation step. Sections were rinsed in buffer and incubated for 1 hour at room temperature with antirabbit Gold-conjugated secondary antibodies (Sigma, USA, 10 nm gold particles). After this immunolabeling, grids were left to dry for at least 10 minutes. Some immunogold-labeled sections were further treated with the Silver-enhancement procedure developed by British Biocell International (BBB, Bristol, UK), in order to increase the size of gold particles and allow the detection of labeled cells at lower magnification. This procedure allowed the detection at low magnification of immunoreactive cells present in different layers of the epidermis. The suggested intensification method followed the manufacturer instructions (BBI, SEKB250) with intensification periods of 6-12 minutes.
For double-labeling experiments on lizard sections, after the application of the primary rabbit pre-core-box antibody and of the anti-rabbit secondary 10 or 20 nm gold-conjugated antibody, the sections were further immunolabeled with a primary mouse AE3 antibody (a generous gift from Dr. T.T. Sung, NY University, USA, see Sun et al., 1983) at 1: 50 dilution in buffer, rinsed, and incubated with a secondary anti-mouse 5nm gold antibody. In other experiments, the primary AK2 rabbit antibody against an epitope present in a turtle alpha-keratin (Dalla Valle et al., 2013; Alibardi, 2013a) was later tagged by a secondary antibody conjugated with 5 nm gold particles. This labeling was also utilized in conjunction with a goat polyclonal antibody (G28) produced against a beta-keratin isolated by electrophoresis from chick scale, and was detected by a secondary anti-goat 10 nm gold conjugated antibody. The G28 antibody was a generous gift from Dr. R.H. Sawyer, University of South Carolina, Columbia, USA (see Sawyer et al., 2000) . In conclusion, the double-labeling experiments combined rabbit (10 or 20 nm gold) and mouse (5 nm gold) antibodies, or rabbit (5 nm gold) and goat (10 nm gold) antibodies.
After the incubation with the secondary antibodies, the grids were rinsed in buffer, dried, stained for 5 minutes with 2% uranyl acetate, and observed under the electron microscope Zeiss 10C/CR operating at 60 kV. Pictures were taken with either classical photography or by a digital camera.
